The extracellular aggregation of amyloid b (Ab) peptides and the intracellular hyperphosphorylation of tau at specific epitopes are pathological hallmarks of neurodegenerative diseases such as Alzheimer's disease (AD). Cdk5 phosphorylates tau at AD-specific phospho-epitopes when it associates with p25. p25 is a truncated activator, which is produced from the physiological Cdk5 activator p35 upon exposure to Ab peptides. We show that neuronal infections with Cdk5 inhibitory peptide (CIP) selectively inhibit p25/ Cdk5 activity and suppress the aberrant tau phosphorylation in cortical neurons. Furthermore, Ab 1À42 -induced apoptosis of these cortical neurons was also reduced by coinfection with CIP. Of particular importance is our finding that CIP did not inhibit endogenous or transfected p35/ Cdk5 activity, nor did it inhibit the other cyclin-dependent kinases such as Cdc2, Cdk2, Cdk4 and Cdk6. These results, therefore, provide a strategy to address, and possibly ameliorate, the pathology of neurodegenerative diseases that may be a consequence of aberrant p25 activation of Cdk5, without affecting 'normal' Cdk5 activity.
Introduction
Cdk5 is a member of the Cdk family of serine/threonine kinases, most of which are key regulators of the cell cycle. Cdk5 activity is regulated through association with its neuron-specific activators, p35 and p39 (Dhavan and Tsai, 2001) . Recent evidence suggests that aberrant Cdk5 activity induced by the conversion of p35 to p25 plays a role in the pathogenesis of neurodegenerative diseases such as Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS) and Niemann's Pick type-C disease (NPD) (Julien and Mushynski, 1998; Lee et al, 1999; Ahlijanian et al, 2000; Nguyen et al, 2001; Bu et al, 2002; Lau et al, 2002; Cruz et al, 2003) . The calpain-directed proteolysis of p35 releases an N-terminal myristoylated membrane tether and the dissociated Cdk5/p25 complexes are induced to phosphorylate a number of cytosolic proteins (Kusakawa et al, 2000; Lee et al, 2000) . Transgenic mice, overexpressing human p25, show cytoskeletal disruptions and hyperphosphorylation of tau in certain areas of the brain, resembling AD pathology (Ahlijanian et al, 2000; Cruz et al, 2003) . Inhibitors of Cdk5 and calpain applied to rat hippocampal neurons stabilized p35 and markedly reduced p25 neurotoxicity induced by the amyloid b (Ab) peptide Ab 1À42 , suggesting that p25 is a downstream effector of Ab peptides. Additionally, the stabilization of its activator p35 also decreases Ab-mediated toxicity (Alvarez et al, 1999; Lee et al, 2000; Town et al, 2002; Li et al, 2003b) . Abnormal hyperphosphorylation of tau after Ab 1À42 treatment destabilizes microtubules, contributing to neurite degeneration and the formation of paired helical filaments (PHFs) containing neurofibrillary tangles (NFTs), one of the principal lesions of AD (Busciglio et al, 1995; Michaelis et al, 2002; Hardy, 2003) .
We have reported that a Cdk5 inhibitory peptide (CIP), a 125-residue peptide consisting of p35 154À279 with a much higher affinity for Cdk5 than p25, effectively and specifically inhibits the activity of Cdk5 in vitro . It also inhibits the phosphorylation of tau induced by Cdk5/p25 expression in transfected HEK293 cells without affecting their endogenous Cdc2 kinase activity (Zheng et al, 2002) . This study shows that CIP inhibited p25/Cdk5-and Ab 1À42 -induced Cdk5 hyperactivation in cortical neurons. We show that in these paradigms CIP was able to inhibit neuronal apoptosis in Ab 1À42 -treated neurons. This raises the intriguing possibility that such an agent might be therapeutic for AD and other neurodegenerative diseases, which exhibit abnormal phosphorylation of neuronal cytoskeletal proteins by p25/Cdk5.
Results

Expression of Cdk5, p35, p25 and CIP in neurons
Initially, the lentiviral-based infection system was used to introduce the appropriate genes into primary rat cortical neurons and overexpress Cdk5, p25, p35 and CIP. This was carried out to determine whether CIP could inhibit Cdk5 even when its activity was significantly increased. Typically, neurons were infected to approximately 80-90% efficiency in single infections with double and triple coinfections showing approximately 60-70% efficiency (data not shown). This has been, by far, the most efficient method of gene delivery in neurons. We utilized Western blotting to examine the expression of Cdk5, p35 and p25 genes in cortical neurons ( Figure 1A ). E18 neurons were infected at day 7 in culture (7-DIC) and lysates were harvested after 72 h to ensure proper integration and infection rates. The infections were extremely efficient at introducing the genes into neurons and the neurons produced high levels of proteins. In Figure 1A , Western blots show the presence of Cdk5 using C-8 antibody. Since endogenous Cdk5 is expressed at high levels in these neurons, saturation of the Cdk5 signals is easily achieved. Higher signals were obtained with infected Cdk5 ( Figure 1A , lanes 2-7) when compared to empty vector (EV) ( Figure 1A , lane 1). Endogenous p35 ( Figure 1A , lanes 1-3) was expressed at much lower levels when compared to endogenous Cdk5 ( Figure 1A , lane 1), while infected p35 and p25 showed dramatic increases in the amounts of expressed protein ( Figure 1A , lanes 2-7). It is noteworthy that endogenous p25 was not detected in EV-infected neurons (lane 1). Moreover, it was not detected in neurons infected with p35 ( Figure 1A , lanes 4, 5 and 7).
We used immunocytochemical analyses to confirm the results obtained by Western blotting ( Figure 1B) . Infected Cdk5 was expressed throughout the neurons, in the perikarya and nuclei, and as previously reported p25 showed a similar pattern. CIP was found in both compartments colocalizing Figure 1 Cdk5, p35, p25 and CIP expression in coinfected primary cortical neurons. E18 rat embryonic cortical neurons were infected with the following expression constructs: empty LV-GFP vector (EV), p25 and wild-type Cdk5 (Cdk5WT) with or without CIP, p35 and wild-type Cdk5 with or without CIP, p25 and dominant-negative Cdk5 (Cdk5DN) and p35 and Cdk5DN. (A) After 3 days of infection, neuronal lysates were resolved on 4-20% SDS-PAGE gradient gels and Western blotting was employed to detect endogenous and transfected Cdk5 (C-8; top panel), p35 and p25 (C-19; bottom panel). Lane 1: EV only; lanes 2 and 3: p25 þ Cdk5WT with and without CIP respectively; lanes 4 and 5: p35 þ Cdk5WT with and without CIP respectively; lane 6: p25 þ Cdk5DN; lane 7: p35 þ Cdk5DN. (B) Confocal images illustrate the cortical neurons single infections with Cdk5, p35, p25 and CIP (panels a-d, respectively), double infection of Cdk5 and p25 (panels e-h), double infection of Cdk5 and p35 (panels j-m), triple infections of Cdk5, p25 and CIP (panels n-r) and Cdk5, p35 and CIP (panels s-w). The scale bar represents 20 mm.
with both Cdk5 and p25 ( Figure 1B , panels n-r). However, p35 was found primarily in the perikarya and not in nuclei of infected neurons ( Figure 1B , panels b and k). p35 was immunodetected using the C-19 antibody, while p25 and CIP were identified by using their GFP tags. p25 and CIP were distinguished by immunostaining using the C-19 antibody, which detects p25 and not CIP.
CIP specifically inhibits p25/Cdk5 activity without affecting endogenous p35/Cdk5 activity of neurons Given the high levels of expression of all the introduced genes, we now asked whether CIP inhibited Cdk5 kinase activity. We examined Cdk5 activity in immunoprecipitates from infected neurons using in vitro kinase assays with histone H1 as the substrate. 7-DIC neurons were infected with EV, p25/Cdk5, p25/dominant-negative Cdk5, p25/Cdk5/ CIP, p25 only and p25/CIP and harvested after 72 h. Cdk5 was immmunoprecipitated from equal amounts of lysates and assayed for kinase activity using both C-8 polyclonal and J-3 monoclonal antibodies. The results presented in Figure 2A show that neurons infected with p25/Cdk5 exhibited robust phosphorylation of histone H1 in C-8 and J-3 immunoprecipitates ( NI EV Ros CIP Figure 2 CIP specifically inhibited p25/Cdk5 but not p35/Cdk5 activity in coinfected primary cortical neurons. Infections of primary cortical neurons were carried out and Cdk5 was immunoprecipitated using C-8 and J-3 antibodies from equal amounts of lysates. Immunoprecipitates were then subjected to in vitro histone H1 kinase assays and Western blot for immunodetection. All bar graphs represent mean optical density measurements of phospho-histone ( 32 P-histone H1) of both Cdk5 activities from C-8 and J-3 IPs measured from autoradiographs (first and fourth panels in (A-C)). Data are expressed as mean7s.e.m. of four separate experiments. Coomassie-stained gels show equal amounts of histone present in all assays (histone H1; second and fifth panels in (A-C)). ( Figure 2A, lanes 1 and 2) . Coinfection of p25 and dominantnegative Cdk5 and, more importantly, coinfection of p25, Cdk5 and CIP diminished the histone H1 phosphorylation by approximately two times compared to p25/Cdk5 (Figure 2A , compare lane 3 with lanes 4 and 5). Neurons infected with p25 only showed an elevated level of histone H1 phosphorylation compared to NI and EV-infected neurons (Figure 2A , compare lane 6 with lanes 1 and 2), suggesting activation of endogenous Cdk5. The coinfection of p25/CIP decreased this phosphorylation ( Figure 2A, lane 7) . The presence of Cdk5 in the C-8 immunoprecipitates was confirmed by immunodetection using J-3 antibody, while the presence of Cdk5 in the J-3 immunoprecipitates was confirmed by immunodetection with C-8 antibody. The presence of p25 and p35 in the J-3 immunoprecipitates was confirmed using the C-19 antibody. From these data, it was clearly evident that infected CIP did not mask the ability to immunoprecipitate Cdk5 from neurons; each immunoprecipitate contained a p25/Cdk5 complex (lanes 3-7) with the exception of NI and EV neurons, which contained endogenous p35/Cdk5 complexes.
A parallel series of experiments was carried out with those shown in Figure 2A to address the question whether CIP inhibits p35/Cdk5 activity under similar conditions. Cortical neurons were coinfected with p35/Cdk5 and p35/Cdk5/CIP and similar immunoprecipitations (IPs) to those seen in Figure 2A were performed. In both C-8 and J-3 IPs, we found that CIP did not inhibit p35/Cdk5 activity ( Figure 2B , lanes 2 and 3) while roscovitine completely inhibited p35/ Cdk5 activity ( Figure 2B , lane 4). Again the presence of CIP did not prevent the pull-down of a p35/Cdk5 complex.
An important question we wanted to address was whether CIP inhibited endogenous p35/Cdk5 activity. To determine CIP effect on endogenous Cdk5 activity, the same experiments were carried out with NI, EV-infected, CIP-infected or roscovitine-treated neurons as a control. IPs with both C-8 and J-3 antibodies illustrated in Figure 2C show that CIP did not inhibit endogenous Cdk5 activity ( Figure 2C , compare lane 4 with lanes 1 and 2), while roscovitine completely inhibited endogenous Cdk5 activity ( Figure 2C , compare lane 3 with lanes 1, 2 and 4).
CIP inhibits p25/Cdk5-mediated phosphorylation of tau
To determine whether CIP, when coinfected with Cdk5/p25, inhibits endogenous tau hyperphosphorylation, cortical neurons were infected with EV, p25/Cdk5 or p25/Cdk5/CIP for 3 days, lysed and prepared for Western blotting. As shown in Figure 3A , endogenous levels of tau phosphorylation at residue 199/202 were at basal levels in NI and EV lysates ( Figure 3A , lanes 1 and 2). p25/Cdk5-infected neurons exhibited robust phosphorylation of tau at the above epitopes and coinfected CIP was able to reduce this phosphorylation two-fold ( Figure 3A , lanes 3 and 4 and bar graph). We used the Cdk5 inhibitor roscovitine to show that in its presence tau phosphorylation was significantly inhibited ( Figure 3A , lane 5). In p25-infected neurons, tau phosphorylation was elevated compared to NI and EV-infected neurons, showing stimulation of endogenous Cdk5 activity. This phosphorylation was inhibited when CIP was coinfected with p25 ( Figure 3A , lanes 6 and 7). CIP exhibited a two-fold inhibition of tau phosphorylation when phospho-tau 199/202 was examined. Additionally, when we used two other phospho-tau epitope antibodies (phospho-serine 404 and AT-8) to confirm this observation, we found a two-fold inhibition of phosphorylation between p25/Cdk5 and p25/Cdk5/CIP when phospho-tau 404 and AT-8 antibodies were quantified ( Figure 3A , see bar graph).
Since CIP was highly efficient at inhibiting p25/Cdk5 activity, it was important to determine the specificity of CIP inhibition. We investigated the phosphorylation of endogenous tau in p35/Cdk5-and p35/Cdk5/CIP-infected neuronal lysates ( Figure 3B ). We found that EV infection did not result in large increases in tau phosphorylation at the same epitopes investigated in Figure 3A ( Figure 3B , lane 1). Infection with p35/Cdk5 caused an increase in tau phosphorylation, which was unaffected when CIP was coinfected with p35/Cdk5 ( Figure 3B , lanes 2 and 3). Roscovitine reduced tau phosphorylation to barely detectable levels ( Figure 3B , lane 4), an effect expected of this potent Cdk5 inhibitor. These data on endogenous tau phosphorylation are consistent with the specificity of CIP inhibition of p25/Cdk5 activity without affecting p35/Cdk5 activity ( Figure 3B, lanes 2 and 3) . The use of all three phospho-tau antibodies revealed that phosphorylation of tau was unchanged in p35/Cdk5-and p35/ Cdk5/CIP-infected neurons ( Figure 3B , see bar graph).
CIP inhibits Ab 1À42 -mediated endogenous p25/Cdk5 hyperactivity and tau hyperphosphorylation
To test whether CIP can inhibit the neurotoxic effects of Ab 1À42 , 7-DIC cortical neurons infected with EV or with CIP were treated with Ab 1À42 for 6 h, lysed and prepared for Cdk5 IP using both C-8 and J-3 antibodies. The resulting IPs were used in kinase assays as before. From the data shown in Figure 4A , it is evident that Ab 1À42 treatment caused an approximately 10-fold increase in phosphorylation of histone H1 by endogenous Cdk5 ( Figure 4A , lane 2 and bar graph). In the presence of CIP, Cdk5 activity exhibited a four-fold reduction in Ab 1À42 -treated neurons ( Figure 4A, lane 3) . To detect Cdk5 in the C-8 immunoprecipitates, we used the J-3 antibody ( Figure 4A , third panel). The kinase assays using the J-3 antibody immunoprecipitate showed identical results as the C-8 immunoprecipitates ( Figure 4A , first and fourth panels). To confirm that J-3 IPs did indeed pull down a p25/ Cdk5 complex responsible for Ab 1À42 tau hyperphosphorylation, we detected p25 and p35 using the polyclonal C-19 antibody ( Figure 4A , sixth panel) and Cdk5 using C-8 ( Figure 4A , seventh panel). Some degree of crossreactivity with the light chain of IgG was evident, but we clearly detected p25 and p35 species. In both IPs, CIP did not mask the ability of the antibodies to pull down Cdk5.
Western blot assays of whole-cell lysates from similarly infected cortical neurons treated with Ab 1À42 revealed production of p25 with a concomitant reduction in p35 expression ( Figure 4B , top panel, lanes 2 and 3 and bar graph). Significantly, in these lysates, the increased production of p25 correlated with an increased level (8-to 10-fold) of endogenous tau phosphorylation at residues 199/202 and 404 and those detected by the AT-8 tau antibody ( Figure 4C , third panel, lane 2 and bar graph). CIP, under these conditions, exhibited a striking inhibition of the Ab 1À42 -mediated tau hyperphosphorylation, restoring it to basal levels ( Figure 4C , lane 3). Total levels of tau were shown using the tau-5 antibody where the major band resolves at approximately 55 kDa ( Figure 4C , fourth panel). Equal loading was also confirmed by immunodetection of tubulin in the lysates ( Figure 4C , bottom panel).
CIP inhibits neuronal apoptosis mediated by p25/Cdk5 and Ab 1À42
AD is characterized by signature lesions such as intracellular tau NFTs and extracellular amyloid plaques containing the Ab 1À42 peptide, and these processes lead to neuronal apoptosis (Patrick et al, 1999; Hardy, 2003) . Accordingly, we set out to determine the effect of CIP on neuronal apoptosis induced by the overexpression of p25/Cdk5 or by treatment with Ab 1À42 . The data in Figure 5 show that p25/Cdk5-and Ab 1À42 -mediated activation of p25/Cdk5 may contribute to this neuronal apoptosis. In this instance, as an assay of apoptosis, we used the expression of cleaved caspase-3, a downstream marker of apoptosis (Nicholson et al, 1995) . The coinfection of p25/Cdk5 tripled the levels of cleaved caspase-3 compared to EV-infected neurons ( Figure 5A , lanes 1 and 2 and bar graph). On the other hand, coinfection of p25/Cdk5/ CIP reduced cleaved caspase-3 back to basal levels ( Figure 5A , lane 3). The coinfection of p25/dominant-negative Cdk5, p35/Cdk5 and p35/Cdk5/CIP all displayed basal levels of cleaved caspase-3 ( Figure 5A , lanes 4-6) as did the NI and EV lysates ( Figure 5A, lanes 1 and 7) .
To determine whether CIP can inhibit neuronal apoptosis induced by Ab 1À42 , cortical neurons infected with or without CIP were treated with Ab 1À42 for 6 h, lysed and prepared for Western blots, using cleaved caspase-3 antibody as an assay for apoptosis. As seen in Figure 5B , infection of EV and treatment with Ab 1À42 caused an increase in cleaved caspase-3 levels ( Figure 5B, lane 3) . This was prevented in neurons treated with Ab 1À42 but infected with CIP ( Figure 5B, lane 4) . In these neurons, cleaved caspase-3 levels were reduced to control EV levels. Cells treated with roscovitine exhibited reduced levels of cleaved caspase-3 comparable to that seen with CIP infection, confirming that the effect was mediated by activated Cdk5 ( Figure 5B , lane 5). NI and EV-infected neurons exhibited similar, basal levels of cleaved caspase-3 ( Figure 5B, lanes 1 and 2) . To confirm the Western blotting data with cleaved caspase-3, we performed cleaved caspase-3 immunocytochemical cell counting assays in coinfected and Ab 1À42 -treated neurons. In Figure 5C , we confirm the Western blotting data and show that approximately 90% of p25/Cdk5-infected neurons exhibited cleaved caspase-3 immunoreactivity ( Figure 5C , left graph, lane 2). The coinfection of p25/Cdk5/CIP into neurons reduced this number to less than 10% ( Figure 5C, left graph, lane 3) . The treatment of neurons with Ab 1À42 caused approximately 90% of neurons to express cleaved caspase-3 ( Figure 5C , right graph, lane 3), while the coinfection of CIP and treatment with Ab 1À42 reduced this number to approximately 10% ( Figure 5C , right graph, lane 4).
The levels of cleaved caspase-3 expression in NI and EV-infected neurons were comparable to those with CIP infections shown in Figure 5A and B and, likewise, the immunocytochemical assay of cleaved caspase-3-positive neurons exhibited similar levels when CIP was present.
As an additional confirmation of the anti-apoptotic effects of CIP, we utilized a phospho-Akt antibody as a measure of survival afforded by CIP (Datta et al, 1999) . The coinfection of p25/Cdk5 caused a reduction in phospho-Akt levels compared to EV and NI neurons ( Figure 5D , compare lane 3 with lanes 1 and 2). The coinfection of p25/Cdk5/CIP increased phospho-Akt levels compared to p25/Cdk5-infected neurons ( Figure 5D, compare lanes 3 and 4) . Likewise, the treatment of neurons with Ab 1À42 caused a reduction in phospho-Akt levels compared to CIP-infected Ab 1À42 -treated neurons ( Figure 5D, lanes 8 and 9) . The treatment of neurons with Ab 1À42 and roscovitine showed levels of phospho-Akt comparable to those with CIP-infected Ab 1À42 -treated neurons ( Figure 5D , lanes 9 and 10).
As an additional measure of the effect of CIP on Ab 1À42 -induced apoptosis, a TUNEL assay was compared to an immunocytochemical analysis of cleaved caspase-3 expression in neurons. 3-DIC primary cortical neurons were transfected with CIP-GFP using Lipofectamine 2000. After 24 h, CIP inhibited Ab 1À42 -induced endogenous p25/Cdk5 hyperactivity and tau hyperphosphorylation in cortical neurons. (A) 7-DIC cortical neurons were infected with EV or CIP and treated with 10 mM Ab 1À42 for 6 h. Cdk5 was immunoprecipitated from equal amounts of lysates with polyclonal C-8 and J-3 antibodies, and subjected to histone H1 kinase assays. The bar graph represents average mean optical density7s.e.m. of phospho-histone levels in four separate experiments. Coomassie panels show equal amounts of histone present in the assay. To determine Cdk5, p25 and p35 levels in the Cdk5 immunoprecipitates, Cdk5 was immunodetected using polyclonal J-3 antibody in the C-8 IP.
In the J-3 IP, p25 and p35 were immunodetected using polyclonal C-19 antibody; Cdk5 was detected using rabbit polyclonal C-8. (B) Western blots were performed to detect the presence of p35, p25 and Cdk5 using lysates from (A). The bar graph shows mean density7s.e.m. measurements of each of the three proteins of four independent experiments. (C) Lysates from (A) were resolved by SDS-PAGE. Lane 1: EV; lane 2: EV þAb 1À42 ; lane 3: CIP þAb 1À42 . The top three panels show phospho-tau using different phospho-tau antibodies (anti-pS199/202, antipS404 and AT8), the fourth panel shows total tau (Tau5) and the bottom panel shows tubulin. The bottom two panels show equal amounts of total tau (Tau5) and tubulin in the lysates. The bar graph shows mean optical densities of phospho-tau ps199/202, ps404 and AT-8 of four separate experiments.
they were treated with Ab 1À42 for 6 h, fixed and subjected to TUNEL staining, while CIP was visualized by GFP. CIP clearly inhibited Ab 1À42 -mediated neuronal apoptosis; the only neurons that were TUNEL negative were the CIP-transfected neurons ( Figure 6A-D) . The quantitative data are shown in the accompanying bar graph. We confirmed the TUNEL data by repeating the experiment using cleaved caspase-3 and found that the CIP-transfected neurons were cleaved caspase-3 negative and approximately 85% of nontransfected neurons were positive ( Figure 6E-H) . DAPI staining of the nuclei showed that the CIP-transfected neurons exhibited a normal looking nucleus while nontransfected neurons surrounding it exhibited fragmented nuclei and positive TUNEL staining. The presence of 'normal' looking nuclei that were not transfected with CIP and were TUNEL negative can be attributed to these neurons progressing but not having reached the apoptotic stage determined by TUNEL and cleaved caspase-3 staining. When the treatment of neurons with Ab 1À42 was increased to 16 h, all nontransfected neurons were TUNEL and cleaved caspase-3 positive (data not shown). In these studies, 3-DIC cortical neurons were used due to their higher efficiency when transfected by
Lipofectamine 2000 compared to 7-DIC neurons. This provided us with the means to perform reliable immunocytochemical counts.
CIP does not affect mitotic Cdk activity and inhibits Cdk5 hyperactivity in a dose-dependent manner
To address the effect of CIP on the mitotic kinases, we studied the effect of Ab 1À42 treatment of cortical neurons on Cdk5 and Cdc2, Cdk2, Cdk4 and Cdk6 activities. We immunoprecipitated Cdk5 and Cdc2 using C-8 and PSTAIRE antibodies, respectively, and performed histone H1 kinase assays as described previously (Vincent et al, 1997) . To test whether Cell counts were performed as follows: 10 independent fields were analyzed with a total of 500 neurons where TUNEL and cleaved caspase-3 could be counted. DAPI staining gave the total number of neurons and CIP was identified by GFP. The bar graph shows the quantity of neuronal apoptosis expressed as mean7s.e.m. from four separate transfections.
CIP inhibits Cdc2, we used GST-CIP in the kinase assays and found that the robust increase in Cdk5 activity was inhibited by GST-CIP ( Figure 7A, lanes 1-3) . However, the increase in Cdc2-mediated histone phosphorylation, although not as robust as seen with Cdk5, was not inhibited by GST-CIP ( Figure 7A , lanes 4-6). We also infected cortical neurons with CIP, treated these neurons with Ab 1À42 for 6 h and found that CIP did not inhibit the increase in Cdc2-mediated histone phosphorylation ( Figure 7A, lanes 7 and 8) . To confirm the specificity of the Cdc2 antibody, we immunodetected Cdk2, 4 and 6 in the PSTAIRE immunoprecipitates and found that the PSTAIRE antibody did not pull down the other Cdks (see Supplementary figure) . To determine if CIP can inhibit the other mitotic Cdks, we immunoprecipitated Cdk2, 4 and 6 using their specific antibodies, from untreated, Ab 1À42 -treated and Ab 1À42 -treated CIP-infected neurons and performed histone H1 kinase assays. It was found that CIP did not inhibit Cdk2, 4 or 6 activities ( Figure 7B ). Activities of Cdk2 and Cdk4 were higher than that of Cdk6 in these neurons and, interestingly, we did not observe any significant increases in their activities upon Ab 1À42 treatment compared to those of Cdk5 and Cdc2.
To determine an effective concentration of CIP required to inhibit Cdk5 activity induced by Ab 1À42 treatment, in vitro histone H1 kinase assays using varying amounts of GST-CIP ( Figure 7C ) were carried out. We found that 0.083 mg/ml of GST-CIP was sufficient to inhibit Ab 1À42 -mediated Cdk5 hyperactivity. Since CIP is approximately one-third the size of the full fusion protein, the effective CIP amount required for inhibition of aberrant Cdk5 hyperactivation by Ab 1À42 is approximately 0.028 mg/ml of CIP protein. The IC 50 obtained from this experiment for effective CIP inhibition is 0.165 mM, which is very close to our previously reported IC 50 value of 0.125 mM (Zheng et al, 2002) . The slight difference in values may be attributed to different experimental systems used: previously, recombinant p25/Cdk5 was used and in the present experiments endogenous and infected p25/Cdk5 were used. This gives us tangible information regarding the amount of CIP required for inhibiting Ab 1À42 -mediated p25/ Cdk5 hyperactivity. CIP did not affect endogenous neuronal Cdc2 activity nor the activity of other cyclin-dependent kinases, but inhibited Cdk5 hyperactivity in a dose-dependent manner. (A) 7-DIC cortical neurons were treated with 10 mM Ab 1À42 or PBS (UT) for 6 h and subjected to in vitro kinase assays using 5 mg GST-CIP to investigate its inhibitory properties. Cdk5 was immunoprecipitated using C-8 antibody and Cdc2 was immunoprecipitated using the PSTAIRE antibody. In lanes 7 and 8, we infected CIP prior to treatment with Ab 1À42 for 6 h, immunoprecipitated Cdc2 and performed histone H1 kinase assays. The top panel shows the autoradiograph, while the bottom panel shows Coomassie-stained histone H1 bands. (B) 7-DIC cortical neurons were infected with the CIP expression construct using the lentiviral system (lane 3 only) and neurons were treated with 10 mM Ab 1À42 or PBS (UT) for 6 h. Endogenous Cdk2, Cdk4 and Cdk6 were immunoprecipitated from equal amounts of lysates and immunoprecipitates were then subjected to in vitro histone H1 kinase assays. The top panel shows the autoradiograph while the bottom panel shows Coomassie-stained histone H1 bands. (C) CIP affects p25/Cdk5 activity in a dose-dependent manner. Cdk5 was immunoprecipitated using C-8 antibody from equal amounts of lysates of cortical neurons treated or untreated with 10 mM Ab 1À42 for 6 h.
Immunoprecipitates were then subjected to in vitro histone H1 kinase assays with the addition of increasing amounts of GST-CIP in a reaction volume of 60 ml. The top panel is the autoradiograph and the bottom panel shows the corresponding Coomassie-stained histone H1 bands. GST-CIP titration experiments were reproducible in four separate assays.
Discussion
The p35/Cdk5 and p39/Cdk5 complexes are required for the proper development and function of the nervous system because they target a wide variety of substrates involved in neuronal migration, cellular adhesion, synaptic activity, dopamine signaling and 'crosstalk' with other kinase and signal transduction pathways (Bibb et al, 1999; Ohshima et al, 1999; Kwon et al, 2000; Rosales et al, 2000; Li et al, 2001 Li et al, , 2003a Sharma et al, 2002; Kesavapany et al, 2004) . Several laboratories, including ours, have observed that in neurons exposed to experimental stress or neurodegenerative disorders such as AD, Cdk5 activity is deregulated. Under neurotoxic conditions that increase intracellular Ca 2 þ concentrations, p35 is abnormally cleaved to p25, a more stable molecule that binds and hyperactivates Cdk5 (Patrick et al, 1999; Lee et al, 2000) . It has been proposed that this deregulation of Cdk5 leads to abnormal phosphorylation of neuronal cytoskeletal proteins such as tau and neurofilaments, which may result in the formation of NFTs and neuronal apoptosis (Patrick et al, 1999; Ahlijanian et al, 2000; Lee et al, 2000; Cruz et al, 2003; Noble et al, 2003) .
Initially, this hypothesis was based on the observation that the ratio of p25 to p35 in post-mortem AD brain tissue was 20-to 40-fold higher compared to normal brains and Cdk5 activity was significantly elevated (Patrick et al, 1999) . Although these observations have been disputed (Yoo and Lubec, 2001; Kerokoski et al, 2002; Tandon et al, 2003) , overwhelming experimental evidence, using transgenic mice, have shown that p25/Cdk5 is indeed a causative factor in neuronal apoptosis and degeneration (Ahlijanian et al, 2000; Cruz et al, 2003; Noble et al, 2003; Saura et al, 2004) . If deregulation of Cdk5 neuronal activity, through its association with p25, leads to neuronal degeneration and cell death, then a specific inhibitor of the p25/Cdk5 complex might serve as an effective means of preventing the abnormal hyperphosphorylation of neuronal cytoskeletal proteins such as tau and the development of neuronal pathologies of AD and other neurodegenerative disorders.
Our previous studies identified a central fragment of p35 (residues 154-279), called CIP, that can effectively inhibit p25/Cdk5 activity in vitro and also in transfected HEK293 cells Zheng et al, 2002 ). An essential issue was to determine if CIP exhibits a similar specific inhibitory role in primary neurons and in situations in which Cdk5 activity is deregulated.
In a number of different experimental situations involving rat cortical neurons, we have clearly shown that CIP specifically inhibited the abnormally activated p25/Cdk5 complex without affecting the normally acting p35/Cdk5 complex. This is true in neurons coinfected with CIP and the respective complexes, but more significantly in neurons containing endogenous Cdk5 that has been activated by Ab 1À42 . Previous reports have shown that the toxic peptides derived from the amyloid precursor protein (APP), particularly Ab 1À42 , cause the production of p25, which then activates Cdk5 to cause tau hyperphosphorylation Hashiguchi et al, 2002) . We have confirmed the effect of Ab 1À42 on neurons showing that p35 is converted in part to p25 with the consequent stimulation of p25/Cdk5 hyperphosphorylation of tau. Our results show that CIP specifically inhibited this endogenous p25/Cdk5-induced tau hyperphosphorylation. Most noteworthy, however, is that cortical neurons coinfected with p35/Cdk5 and p35/Cdk5/CIP exhibited similar activation of Cdk5 histone phosphorylation and endogenous tau phosphorylation, but coinfected CIP had no inhibitory effect on Cdk5 activity in these neurons.
CIP can also play a role in neuronal survival by inhibiting elements of the apoptotic pathways. Infection of p25/Cdk5 in cortical neurons leads to an increased level of cleaved caspase-3, a marker of apoptosis. Coinfection of CIP in these cells prevented the overexpression of cleaved caspase-3. Additionally, Ab 1À42 treatment of cortical neurons also induced neuronal apoptosis marked by an increase of cleaved caspase-3 levels. Infected CIP prevented this increase presumably by inhibiting p25/Cdk5 activity, since roscovitine, a Cdk5 inhibitor, also prevented cleaved caspase-3 overexpression. CIP inhibition of Ab-induced apoptosis was more dramatically seen in TUNEL assays where virtually all cells transfected with CIP survive the Ab treatment while 90-95% of uninfected cells die.
Alternative scenarios for neuronal apoptosis have been proposed that do not necessarily stem from the deregulation of Cdk5 activity. Neuronal cell death in neurodegenerative disorders and in many experimentally induced stress conditions has been attributed to an attempt by post-mitotic neurons to enter the cell cycle (Vincent et al, 1996 (Vincent et al, , 1997 (Vincent et al, , 2003 Busser et al, 1998; Pei et al, 2002; Love, 2003) . We believe that the data presented here satisfactorily demonstrated that CIP specifically inhibited p25/Cdk5 without affecting Cdc2 activity since CIP had no effect on the modestly increased Cdc2 activity observed in Ab 1À42 -treated neurons. Furthermore, we have also explored the effect of CIP on other cyclin-dependent kinases involved in the cell cycle: Cdk2, Cdk4, and Cdk6. Here, too, CIP had no inhibitory effect, even on the modest elevations of activity seen after Ab treatment. These results are consistent with our previous observations that transfected CIP in cycling HEK cells had no effect on the Cdc2 activity and cell proliferation (Zheng et al, 2002) . Our data, however, do not eliminate the possibility that some neuronal cell death occurs as a result of aberrant recruitment of post-mitotic neurons into the cell cycle.
How can we account for this specificity since both p35 and p25 share identical central residues corresponding to the CIP peptide? The reasons for this specificity are not fully understood, but a hypothesis to explain the specificity may be that the N-terminal p35 domain, which is absent in p25, could obstruct CIP access to the Cdk5 active site. In vitro binding experiments with Cdk5, p25 or p35 in the presence and absence of CIP, coupled to kinetic analysis and crystallography, might provide a clue as to the mechanisms underlying CIP specificity.
To be therapeutically useful, CIP has to only target p25/ Cdk5 but not p35/Cdk5 and also avoid toxic and nonspecific effects seen with the Cdk5 inhibitors roscovitine and oloumoucine. In our hands, CIP has already overcome a number of hurdles: CIP is specific for p25/Cdk5 and not p35/Cdk5 or other cyclin-dependent kinases, and we have shown that it specifically targets the aberrant Cdk5 activity induced by Ab 1À42 , a factor inducing tau hyperphosphorylation and cell death. Using CIP to combat the deleterious effects of p25/ Cdk5 in the AD and p25 transgenic mouse models would be of great interest. This would provide a possible therapeutic route for intervention to prevent or reduce the effects of the neurodegenerative diseases where aberrant p25/Cdk5 hyperactivity or Ab 1À42 -induced pathology is involved.
Materials and methods
Plasmids and constructs with lentiviral vectors and virus infection
The lentiviral vector packaging system has previously been described (Dull et al, 1998) . Vector DNA was constructed from the third-generation self-inactivating vector DNA LV-lac (Pfeifer et al, 2001) by replacing the LacZ gene between Xba1 and BamH1 with a polylinker Asc1-Swa1-Age1-Nhe1-Pme1-PspOM1-BsiW1 to create LV-CMV-Link. The CIP, Cdk5, p25 and p35 coding regions were cloned after PCR into LV-CMV-Link between Asc1 and BsiW1. The p35 promoter was as described previously (Tanaka et al, 2001) and was inserted 5 0 of the CIP sequence. The procedure used for the production of viruses has been described previously (Dull et al, 1998) .
Primary cultures of cortical neurons and treatment
Primary cultures of rat cortical neurons were prepared from E18 rat fetuses as described previously (Kesavapany et al, 2004) . After 7 days, neurons were infected using the lentiviral vector packaging system, independently or coinfected with the appropriate constructs. After infection for 3 days, neurons were treated with roscovitine (15 mM) (BIOMOL) or aged Ab 1À42 (incubated at 371C for 7 days before being used) (10 mM) (Sigma) for 6 h. The cells were fixed for immunohistochemistry analyses or lysed with lysis buffer for IP and Western blot analyses.
Transient transfection of 3-DIC cortical neurons
Cortical neuronal cultures were prepared and plated as described earlier. Neurons were transfected with EV-p35P-GFP or CIP-p35P-GFP using Lipofectamine 2000 following the manufacturer's instructions.
Antibodies
Anti-Cdk5 (J-3, C-8), anti-p35 (C-19), anti-Cdc2 and anti-tau phospho-serine 404 antibodies were obtained from Santa Cruz Biotechnology Inc. Anti-PS199/202 and TAU-5 mAb antibodies were obtained from Biosource International Inc. and used at 1:1000 and 1:500 dilutions, respectively. AT-8 antibody was purchased from Innogenetics and used at 1:500. Anti-cleaved caspase-3 (Asp   175   ) and anti-phospho-Akt (Ser 473 ) antibodies were obtained from Cell Signaling Technologies and anti-tubulin antibody from Sigma was used at 1:2000 dilution. Anti-PSTAIRE antibody was obtained from Upstate Cell Signaling Solutions and 4 mg was used to immunoprecipitate Cdc2.
Western blot analysis
Cells lysates and Western blotting analysis were carried out as previously described (Kesavapany et al, 2004) .
Immunoprecipitation and Cdc2/Cdk5 kinase assays in vitro
IPs and kinase assays were performed as described previously (Veeranna et al, 1998; Kesavapany et al, 2004) .
Recombinant expression of GST-CIP
Expression and purification of the GST and GST-CIP fusion protein were performed essentially according to the manufacturer's instructions (AP Biotech). Briefly, CIP was generated by PCR inserted into the pGEX recombinant plasmid and expressed and purified as described previously . Prior to the kinase assays, GST-CIP was incubated with the Cdks/Cdk5 immunoprecipitate for 1 h at 301C before addition of [g-32 P]ATP.
Immunofluorescence staining
Immunofluorescence was performed as described previously (Kesavapany et al, 2004) . Fluorescent images were obtained with a Zeiss LSM-510 laser-scanning confocal microscope and images were managed with Adobe Photoshop.
In situ cell death detection (TUNEL and cleaved caspase-3 staining assays) After primary cortical neurons were cultured and transfected using Lipofectamine 2000 (Invitrogen), TUNEL staining was performed according to the manufacturer's instructions using the In situ cell death detection kit TMR red (Roche). TUNEL staining and cleaved caspase-3 fluorescent images were captured with a Zeiss LSM-510 laser-scanning confocal microscope and images were managed with Adobe Photoshop. Cell counts were performed as described in figure legends.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
